specific cell populations from heterogeneous mixtures accurately and efficiently. Many methods for cell purification have been developed, and each has advantages and disadvantages that must be considered in light of the intended application. Current cell separation strategies make use of surface proteins, genetic expression, and physics to isolate specific cells by phenotypic traits. Cell purification is also dependent on the cellular reagents available for use and the intended application, as these factors may preclude certain mechanisms used in the processes of labeling and sorting cells.
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The Unresolved Problem of Cell Purification
Advances in cell biology and tissue engineering have expanded the horizons toward which researchers and clinicians can look; however, in many cases, the implementation of cell-based technologies faces the same logistical and regulatory hurdles that it has always faced. As is the nature of science, when the bar is raised for what is possible it is quickly followed by the bar being raised for what is expected, both by study sections and the general populace. If a paper reveals an interesting phenotype in an animal model today, tomorrow's grants will need to propose isolation of the responsible mechanism. In many ways, today's science is a race to make current technologies and techniques obsolete. It is interesting, therefore, that the problem of cell purification has persisted for so long. The relevance of conclusions made in basic science research and the utility of cell-based technologies hinge upon our ability to reliably and consistently identify and subselect individual cell populations [Szaniszlo et al., 2004 ], yet investigators still struggle to accomplish this fundamental step.
One of the most essential goals of research conducted within the basic sciences is to maximize the confidence that the cell models employed are representative of physiological realities. Mixed and misidentified cell populations introduce uncertainty with respect to the mechanistic causes of phenomena observed in experimental models. Cardiovascular research is plagued by these uncertainties as pure populations of individual cell types found in the heart are difficult to obtain. Even in the lucky case where the cell type under study has been researched well enough that a unique, validated marker profile has been identified, contaminating cells, such as fibroblasts, will continue to hinder mechanistic experiments unless purification techniques are applied. By developing and employing reliable methods of cell purification, it is possible to exert much more control over these aspects of biological research. This, in turn, improves both the confidence and the reproducibility of published results while minimizing the introduction of experimental discrepancies between laboratories.
Accurate cellular identification and purification is even more crucial in translational applications. Devices and technologies designed for use in a clinical setting are subjected to strict review by governmental oversight agencies [Simek, 2005; Arcidiacono et al., 2010; Nelson et al., 2010] before they can be brought to market. During this process, the causative cellular agent must be identified to ensure that the clinical outcome can be specifically attributed to the efficacy of the cell-based device [Simek, 2005; Nelson et al., 2010] . Furthermore, patent law in the USA is at a critical juncture that will have serious ramifications for the use of engineered tissues and organs [Harris, 2008] . While patents have been issued for stem and progenitor cell populations based on surface marker expression [Huang, 2010] , it remains to be seen how rulings will be made regarding cells that have been introduced into the body. An example in which cell identification and purification become central issues in bioengineering is that of a cell population expressing one patented set of markers that is found to express another patented set of markers after injection or implantation. It is not clear how the legal specifics of issues like this one will be resolved, but it is apparent that unerring control over cell population purity will be essential for the development of cell-based therapeutics.
Purification Using Cell Surface Proteins
In general, it is desirable to employ the least invasive method available to isolate and sort cells for use in experimental biology or bioengineering. In many cases, the easiest way to accomplish these goals is to utilize cells' surface proteins ( fig. 1 a) , based on either expression or functionality, to purify a subpopulation from hetero -g eneous cell mixtures using fluorescence-activated cell sorting (FACS), magnetic sorting, or adhesion-based cell separation. Some commonly used surface markers for cardiac progenitor cell purification are cellular prion protein, SSEA1, and KDR [Yang et al., 2008; Blin et al., 2010; Hidaka et al., 2010] . Hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4) and elastin microfibril interface 2 (EMILIN2) are surface proteins that can be used to specifically label differentiated cardiac nodal cells and cardiomyocytes, respectively [Dobrzynski et al., 2003; Van Hoof et al., 2010] . Conversely, surface protein-based cell purification can also be used in negative selection strategies like complement depletion to deplete a population of undesired cell types. Surface protein-based sorting is a powerful tool in many research projects as it is considered minimally disruptive to cell phenotype and viability, but it is not without its limitations and caveats ( table 1 ) .
Surface Protein-Based FACS
The most prevalent method of cell purification is FACS [Ebbe, 2000] . The popularity of FACS is largely due to its significant efficiency and accuracy. FACS is widely used to separate particular cell populations for use as reagents in both basic science and translational experiments. The method uses phenotype-specific surface markers in conjunction with fluorescent antibodies to those markers. The cells to be purified are then presented to a fluorescent excitation laser and separated based on the presence or absence of one or more fluorescently labeled cell surface proteins. FACS plays a critical role in several other purification strategies entailing induction of intracellular fluorescent markers, such as green fluorescent protein (GFP), in which the need for protein-specific antibodies is obviated. A complementary functionality of most FACS equipment is the use of forward-and side-scatter optics to differentiate cells based on size and internal complexity. While these functions are far less specific than the antibody-based FACS functions, they can be useful as an additional means of discerning cell types and assessing viability [Ohnuma et al., 2006] . The costs associated with FACS equipment often prohibit individual labs from owning their own FACS equipment; however, the general utility of the technique usually justifies interdepartmental FACS core facilities at most institutions. This process is relatively high throughput, but the sorting functionality becomes impractical with small sample sizes [Metezeau, 1993] . The accuracy of FACS is dependent on the ratio of sample pressure to sheath pressure and the number of markers being used to differentiate between populations. A higher sample-to-sheath pressure ratio can be used to sort large numbers of cells quickly, but collected cell viability and the accuracy of cell sorting are decreased slightly. This is due to an infrequent occurrence in which two cells pass in front of the detectors at the same time. Similarly, overall sorting accuracy decreases with each additional marker used to define a cell population.
One of the major drawbacks of FACS is that it is limited to surface marker protein detection. In some applications, especially those related to developmental biology and tissue engineering, many of the proteins considered critical to discriminating one cell population from another are intracellular and cannot easily be labeled with antibodies in live cells. Also, certain cell types may be too sensitive to mechanical stimulation to survive the FACS sorting process [Schindler et al., 1985; Metezeau, 1993] . Furthermore, it is often difficult to identify surface proteins unique to cells of a certain phenotype or developmental stage. Thus, surface protein-based FACS is only useful if one can identify differential expressions of cell surface markers. Consequently, the process of identifying characteristic surface protein expression profiles is a labor-intensive endeavor that can result in disagreement [Martin-Puig et al., 2008; Schauwer et al., 2011] .
Magnetic Cell Sorting
Magnetic cell sorting also utilizes antibody specificity to separate defined cellular subpopulations from larger mixtures, but the antibodies to surface proteins are associated with magnetic conjugates instead of fluorophores. Thus, inexpensive and easy-to-use equipment employing an electromagnet or permanent magnet can be used to retain cells that express the surface marker of interest at a fraction of the cost of the equipment required for FACS. Even though regular magnetic sorting does not cause phenotypic changes by itself [Nohe et al., 2002] , it is possible to activate surface protein-mediated phenotypic changes intentionally by applying mechanical force to surface proteins via bound magnetic beads [Lew et al., 1999] . The drawbacks of surface protein-based purification technology are felt more acutely when using magnetic sorting techniques since there are fewer antibodies available for magnetic cell sorting than FACS and only one marker can be sorted at a time in magnetic cell sorting. Also, it has been reported that the accuracy of magnetic cell sorting is not as high as that of FACS with respect to false positives (largely due to cell-cell adhesion) and false negatives [Zborowski et al., 1996] . As magnetic sorting is useful for bulk enrichment but is not as precise as FACS, it is unlikely that magnetic sorting, on its own, can be improved to produce sufficiently pure populations for direct use in clinical science.
Adhesion-Based Cell Sorting
FACS and magnetic cell sorting are both very useful technologies, but they are, in essence, predicated on protein expression instead of a functional readout. In certain applications, such as studies involving circulating cells [Lu et al., 2010] or unpurified mesenchymal stem cell samples [Diaz-Prado et al., 2010; Freund et al., 2010; Cavallo et al., 2011] , it can be useful to employ adhesion as a selection criterion for subpopulation sorting. Monocytes have been shown to play a role in the regeneration of postinfarction myocardium [Zuidema and Zhang, 2010] , so the use of microprinted or adsorbed adhesion or matrix proteins can be useful in subselecting the populations of most interest [Adams et al., 2008; Yona et al., 2010] . Similarly, much of today's adult progenitor research involving mesenchymal stem cells incorporates a distinction between adherent and nonadherent cell populations [Nomura et al., 2007; Diaz-Prado et al., 2010; Freund et al., 2010; Jing et al., 2010] . The techniques used for adhesion-based cell sorting can be fast and inexpensive, but they can also be confounded by the fact that many adhesion processes simultaneously involve multi- Hattori, 2010 Density purification Fast and inexpensive Utility limited to cell size separation Relatively low purity Xu, 2006; Horn, 2007; Zhang, 2010 Purification through differentiation of progenitor cells
No direct manipulation of chromatin Protocols for many lineages available
Low purity Reagents can be expensive Mummery, 2003; Nemir, 2006; Yuasa, 2005; Laflamme, 2007; Ieda, 2010 Laser dissection Accurate and efficient Gentle to cells of interest Can be expensive Requires expertise Koller, 2004; Szaniszlo, 2006; Hempel, 2007 T he strengths and weaknesses of each purification method must be considered when designing experiments for cell biology and cell-based therapeutics. For example, cell sorting based on surface protein expression is more amenable to translational projects since it does not require permanent manipulation of the cell, but expression of these proteins may not be as precise as the expression of genes in the nucleus.
ple adhesion proteins and mechanisms [Freund et al., 2010; Pamukcu et al., 2010] . Therefore, some disadvantages of adhesion-based cell sorting are sorting efficiency that depends on the methodology and false positives as a result of cell-cell interactions between cells of interest and contaminating cells in the mixture.
Complement Depletion
An alternative approach to population purification called complement depletion uses monoclonal antibodies to destroy specific cells from a mixed population. Briefly, this technique uses activated plasma proteins to create pores in targeted cells' surfaces through a proteolytic cascade [Dittel, 2010] . These cells subsequently lyse and are washed from the sample. The process is highly efficient (95-100%) at destroying particular cell populations. Most researchers with access to FACS equipment would likely forgo complement depletion as FACS would offer a more reliable system for selective depletion; nevertheless, complement depletion offers an interesting and potentially useful approach to cell purification.
Purification Methods Involving DNA Sequences
While surface proteins are the most accessible means of discerning one cell type from another, issues with antibody technology, including specificity, availability, and cross-reactivity, leave room for improvement. A number of alternative strategies have been developed to circumvent the limitations of antibodies. The two most widely used gene modulation techniques for cell purification are to induce expression of sortable markers or to confer resistance to selection agents [Muller et al., 2000; Tian et al., 2006; Davison et al., 2008] . These techniques can be combined to give both positive and negative selection [Jonkers and Berns, 2002; Tian et al., 2006; Huber et al., 2007; Davis et al., 2008] , further improving the efficiency of cell type isolation. The transgenic expression can also be made by use of a minimal promoter and a condition-specific enhancer sequence [Muller et al., 2000; Jonkers and Berns, 2002; Tian et al., 2006; Huber et al., 2007; . Some common markers of cardiac phenotype that are difficult to label in living cells with antibodies are myosin light chain 2a (mlc2a), myosin light chain 2v (mlc2v), NK2 transcription related factor locus 5 (Nkx2.5), atrial natriuretic peptide (ANP), connexin 43, ␣ -actinin, cardiac troponin I (cTnI), and cardiac troponin T (cTnT) [Kubalak et al., 1994; Chen et al., 1998; Muller et al., 2000; Huber et al., 2007; Bu et al., 2009; Fu et al., 2010] . The question then becomes the best means of introducing the desired selection sequence(s). Four main strategies have been developed to address this question: viral infection, transposase recombination, homologous recombination, and zinc finger recombination ( fig. 1 b) .
Viral Labeling
The most straightforward means of inserting a genetic sequence into a cell's genome is to make use of the mechanisms that viruses have optimized over billions of years. By introducing the desired genetic reporter sequence along with the necessary viral sequences into a host cell type (such as HEK 293T cells), one can produce a large number of viruses capable of delivering the reporter sequence to a cell population. Cells expressing the reporter can then be isolated from the larger heterogeneous mixture using selection techniques like FACS or enrichment through drug resistance.
Retroviral, lentiviral, and adeno-associated viruses can be used to permanently incorporate the reporter sequence into the genome [Klimatcheva et al., 1999; . However, retroviruses can only infect dividing cells, making infection of slowly dividing cells like neurons potentially problematic [Kalpana, 1999] . Adeno-associated viruses are much smaller than other virus types and can only carry sequences up to 4.8 kb in length, meaning that many reporter sequences are too large to be delivered by adeno-associated viruses [Lu, 2004] . Lentiviruses offer high-efficiency infection of dividing and nondividing cells and a relatively large payload; however, they are similar to retroviruses in that they cause random integration into the genome [Philpott and Thrasher, 2007; Kumar and Woon-Khiong, 2011] . Permanent integration of genetic markers can be very useful in experimental biology, but it represents a roadblock for therapeutic applications, thereby limiting its current utility in the generation of purified cell populations. Recently, systems have been developed which may allow researchers to selectively remove permanently integrated sequences using Cre-loxP following phenotypic sorting [Davis et al., 2008; Moravcikova et al., 2008] . However, even if reporter sequences can be excised, small transgenic sequences remain in the target genome using these systems, presenting the risk of tumor formation.
phiC31 Integrase and Transposons
Two inventive ways of avoiding the size limitations of some viral vectors are to make use of plasmids encoding either integrases or transposases [Tenzen et al., 2010] . The underlying principle of these two technologies is to transiently express an enzyme capable of inserting a syn-thesized reporter sequence into the genome at specific insertion sites.
Using the phiC31 integrase mechanism observed in bacteria, it is possible to exercise a certain degree of control over the insertion site of reporter sequences. There exist sequences in the mammalian genome that are similar to bacterial attP integration sites [Chalberg et al., 2006] . At these mammalian sites, the same phiC31 integrase responsible for integrating sequences containing an attB site at attP loci in bacteria is able to insert attB-containing reporter sequences [Thyagarajan et al., 2001 [Thyagarajan et al., , 2008 . The number of these insertion sites in the mammalian genome is low, and they are located primarily in introns not known to have transcriptional activity [Tenzen et al., 2010] . Therefore, insertion of reporter sequences using this methodology is unlikely to disrupt endogenous gene transcription. Unfortunately, phiC31 integrase activity is irreversible, so incorporation of reporter sequences with this method is permanent and problematic for projects intended for the clinic.
The transposon system makes use of a large synthesized reporter sequence flanked by inverted transposon recognition sites in combination with a nonintegrating plasmid encoding transposase [Batista Lobo et al., 2007] . The transposase inserts the reporter sequence randomly into the genome, allowing cell sorting based on reporter expression [Shibano et al., 2007; Mejia-Pous et al., 2009] . After cell sorting, another transient transfection with a transposase-encoding vector is used to remove the inserted reporter sequence. Several transposon systems have been used in mammalian models, including Tol2, Sleeping Beauty, Frog Prince, and piggyBAC [Wu et al., 2006] . While the transposon systems like piggyBAC can be removed without any vestiges of transgene in the target cell [Tenzen et al., 2010] , the reversible nature of the transposase reaction necessitates an additional sorting step in which cells intended for use in human subjects must be separated based on successful removal of the reporter construct.
Homologous Recombination
Homologous recombination is commonly known in the context of transgenic animal model creation. In the process, a segment of DNA is created containing a reporter and DNA sequences identical or homologous to the gene which is to be targeted. The segment is electroporated into embryonic stem (ES) cells, and, as the cells divide, the homologous regions break, leading to translocation of transgenes and integration into the genome [Jonkers and Berns, 2002; Tian et al., 2006; Davison et al., 2008; Yang et al., 2008; Song et al., 2010] . Successfully labeled cells are selected by drug resistance conferred by the inserted DNA sequence. In the process of creating transgenic animals, ES cells are then injected into allogeneic blastocysts, and the resulting chimeric animals are backcrossed to produce animals expressing the reporter sequence stably. As recombination performed in this manner often utilizes reporter plasmids with regions homologous to a specific gene, expression of particular genes can be quantified throughout an animal by analyzing the reporter signal expressed in place of the gene that was targeted. Compared to viral techniques, homologous recombination provides site-specific integration of the reporter sequence rather than incorporation into random gene sequences. Reporters introduced through homologous recombination are expressed faithfully with respect to the targeted gene, and no transgenic residue is left aside from the inserted reporter cassette. The size of sequences to be inserted using simple homologous recombination is limited, as larger plasmids tend to break and degrade before they can be stably incorporated into the genome. Also, the efficiency of integration during basic homologous recombination in human cells is low. Animals models created using these techniques to express reporter proteins can be used to isolate specific populations of cells.
Another approach to homologous recombination that allows the use of larger sequences involves the use of bacterial artificial chromosomes (BACs). Using BACs, it is possible to insert large reporter sequences and all of the relevant upstream and downstream promoter and enhancer sequences simultaneously. Therefore, BAC technology allows the substitution of a reporter gene into the exact locus of the gene of interest, preserving contextual expression and offering more faithful reporter expression, while increasing the amount of genetic material that can be inserted and increasing the efficiency of integration [Song et al., 2010] . To make the use of homologous recombination and BAC recombination less labor intensive, protocols have been developed to streamline the processes [Sarov et al., 2006] . This allows for commercialization of these technologies and greatly increases their utility in both experimental biology and translational science.
Zinc finger nucleases can be used to improve the efficiency of homologous recombination by significantly increasing the probability of successful double strand breaks in chromosomes, leading to dramatic increases in the likelihood that homologous recombination events will occur [Tenzen et al., 2010; Bobis-Wozowicz et al., 2011; Cui et al., 2011] . Plasmids encoding zinc finger nucleases can be designed to cause breaks in double-strand-ed DNA at specific loci. Thus, double strand breaks can be introduced into a target cell around a particular gene, and large reporter constructs can be inserted through homologous recombination at an extremely high efficiency without any of the concerns posed by viral approaches. A current drawback of this system is that it is difficult to design custom site-specific zinc finger endonucleases. Without well-designed endonucleases, double strand breaks can be introduced nonspecifically, leading to apoptosis.
Nonintegrating Vectors
Transient transfection with constructs encoding pluripotency genes have been used to induce pluripotency in target cells, but the technology may be amenable to reporter constructs for use in cell purification. In one approach, cells are electroporated and exposed to plasmid vectors which then enter the cells and express the gene(s) that they encode before being degraded by the cell . Similarly, episomes have been constructed to encapsulate fabricated plasmid vectors, enhancing vector stability . This, in turn, improves the opportunity for the vector to enter the cell and successfully deliver its payload. The efficiency of each method is low, and it may be difficult to incorporate large reporter sequences under the control of cell type-specific promoters.
The capacity of adenoviral vectors normally precludes their ability to deliver large sequences like those needed for use as reporter constructs; however, the advent of high-capacity adenoviruses makes adenoviral technology an interesting option for cell purification [Volpers and Kochanek, 2004] . Adenoviruses do not cause permanent integration into the target cell's genome, and they have been used to transiently deliver tissue-specific gene expression constructs in neurons [Hermening et al., 2006] .
Other Purification Methods
Surface proteins and genetic modification are, by far, the most common approaches to sorting one cell type from larger cell mixtures, but other approaches offer options for specialized applications. Many of these alternative techniques can be used in conjunction with surface protein-based sorting or methods involving the introduction of genetic material to increase the yield of highly purified cells ( fig. 1 c) . Thus, these techniques are particularly useful when large quantities of cellular reagents are needed, as is the case for tissue engineering and cell therapy.
Mitochondrial Dye
Recently, Hattori et al. [2010] described a means of specifically labeling cardiomyocytes derived from pluripotent stem cells using a mitochondrial labeling method. In the study, a Nernstian dye, tetramethylrhodamine methyl (TMRM) ester, capable of entering and exiting the mitochondria in accordance with mitochondrial membrane potential was used as a positive selection marker for cardiomyocytes derived from rat, mouse, and human pluripotent stem cells. As cardiomyocytes are the cell type accounting for the largest volume of the heart [Baudino et al., 2006] and the supply of primary cardiomyocytes available for research is extremely limited, this method promises a quick, nongenetic approach to producing highly enriched (more than 99% pure) populations of cardiomyocytes. It also circumvents the need for genetic manipulation but includes a mixture of both atrial and ventricular cardiomyocytes. Also, special attention must be paid to gating of other fluorescent channels during sorting since it was observed that autofluorescence is common in unstained noncardiomyocyte populations [Hattori et al., 2010] . If one's goal is to isolate cardiomyocytes, this method of mitochondrial labeling is highly effective. However, if the goal is to isolate other cardiac cell types such as pacemaker or endocardial cells, new dyes are needed.
Density Purification
Basic cell sorting can be performed based on cell size and density using defined centrifugation media. By creating layers of media with successively lower densities inside of a cell sample and centrifuging at low speeds, it is possible to separate a mixed cell population based on the sizes of its component cell types. Adult progenitor cells from bone marrow are routinely enriched in this manner [Horn et al., 2008; Zhang et al., 2011] . It is also possible to enrich cardiomyocytes from ES-derived populations using density centrifugation, but the resulting population purity is low [Xu et al., 2006; Laflamme et al., 2007] . The method is quick, uncomplicated, and inexpensive, but, used independently, it is relatively inefficient at cell purification and cannot be used to separate individual cell populations of similar size.
Purification through Differentiation of Progenitor Cells
When using progenitor cells as a starting material, one technique for obtaining a pure population of differentiated cells is to guide the cells toward the desired phenotype through manipulation of culture conditions and in-duction of differentiation. Indeed, there exists a variety of protocols designed to direct progenitor cells toward specified lineages, often using the findings and principals of developmental biology to guide protocol development [Laflamme et al., 2007] . For example, it has been shown that differentiation of human ES cells toward the cardiomyocyte phenotype can be improved through modulation of bone morphogenic protein and Notch signaling or coculture with visceral endoderm [Mummery et al., 2003; Yuasa et al., 2005; Nemir et al., 2006] . These techniques are often relatively inefficient at producing purified populations of the desired cell type on their own, but much of their utility lies in producing large quantities of differentiated cells that can be subsequently purified using methods like FACS or density purification.
More recent advancements in this area have led to the use of direct reprogramming of primary mouse fibroblasts to cardiomyocytes, eliminating the need to use ES cells or create induced pluripotent stem (iPS) cells [Ieda et al., 2010] . This method uses the overexpression of GATA transcription factor 4 (GATA4), myocyte-specific enhancer 2c, and T-box transcription factor 5 to induce a cardiomyocyte phenotype in over 50% of primary fibroblasts. If the method can be improved to incorporate transient, instead of permanent, overexpression of the identified differentiation factors, it provides a valuable tool for incorporation into cardiovascular purification strategies.
Laser Dissection
For applications requiring isolation of primary cells, fluorescence-assisted laser microdissection can be a useful negative selection technique. In laser dissection, computer software is used to guide a medical laser as it ablates nonfluorescent cells in a heterogeneous mixture [Koller et al., 2004; Szaniszlo et al., 2006; Hempel et al., 2007] . When tissue is explanted from transgenic animals harboring fluorescent reporter gene(s), cells expressing the fluorescent reporter gene can be isolated efficiently using laser dissection techniques. Alternately, nonfluorescent cells of interest can be labeled with fluorescent antibodies or microinjected with fluorescent dyes or reporter plasmids and selectively isolated from contaminating cell types. Microinjection can be accomplished using the same laser that will subsequently be used to perform ablation. It has been reported that cell purities in excess of 99% and cell yields of 90% can be obtained from a wide range of sample sizes (from 10 1 to 10 8 cells) using in situ laser purification [Koller et al., 2004; Szaniszlo et al., 2006] . It has been shown that laser microdissection can be used to preserve viability in neurons during purification, whereas more widely used techniques like FACS might damage such a fragile cell type [Hempel et al., 2007] . Insofar as it can create highly purified cell populations, laser microdissection has definite utility for isolation of primary cells for use as reagents. At the same time, the necessary laser equipment can be expensive, and the applications for which the technology can be used are limited to those in which cells can be exposed and labeled with fluorescent markers.
Choosing a Cell Source
There are a number of cellular starting materials available for use in the pursuit of biological research. These include: immortal cell lines such as HEK 293, Jurkat, and HeLa cells; pluripotent stem cells such as ES and iPS cells; multipotent adult progenitor cells such as those derived from bone marrow, muscle, skin, fat, and other tissues, and differentiated primary cells, such as keratinocytes, endothelial cells, adipocytes, hepatocytes, and cardiomyocytes. Finding the most effective purification strategy often depends on which and how many cell types are to be incorporated into the experimental system. Similarly, finding the appropriate cell source is dependent on the application for which the cells are to be used.
The ideal situation for studying human biology or engineering therapeutic biological tissues would be to use primary cells in the form of transplanted or explanted human organs and tissues that function in the experimental system similarly to how they do in the host's body. This is frequently infeasible as the quantities of such cells, tissues, and organs available for scientific use are severely limited. Moreover, graft-versus-host interactions can introduce complications in a therapeutic setting, particularly if the tissue is not used autologously. Therefore, researchers must identify the critical parameters of the application in which the cells will be used as each cell source option (differentiated primary cells, multipotent progenitor cells, pluripotent stem cells, and immortalized cell lines) offers a unique set of advantages and disadvantages ( table 2 ) .
Differentiated Primary Cells
Differentiated primary cells may be the most obvious choice for use in basic and translational science, but they can also be difficult to use. Some differentiated primary cells such as human umbilical vein endothelial cells (HUVECs) are quite well characterized and can be reli-ably isolated using well-established protocols [Blackman et al., 2002; O'Connell et al., 2007] . However, HUVECs in an endocardial or blood-brain barrier model may not behave in the same manner as anatomically correct endothelial cells would behave. The derivation of other primary cells can be challenging as isolation protocol development can be arduous. A further limitation of differentiated primary cells is that extended culture leads to a loss of phenotype or cell death [Wolffe and Tata, 1984; Gudjonsson et al., 2004] . This temporal constraint can be devastating to tissue engineering applications, especially for autologous strategies in humans, as it is often infeasible to obtain and expand sufficient quantities of cells for construction implantable products within a small number of population doublings [Vondran et al., 2008; Adam Young et al., 2010] .
Multipotent Progenitor Cells
Multipotent progenitor cells have been isolated from a vast number of adult tissues and have been shown to have therapeutic effects in a wide range of applications from bone marrow reconstitution to vascular regeneration [Miranville et al., 2004; Miyahara et al., 2006; Falanga et al., 2007; Li et al., 2009] . The primary applications of multipotent progenitor cells have been translational cell therapy and tissue engineering, but several groups focused on basic science are also investigating the function and developmental origins of these so-called 'adult stem' cells [Crisan et al., 2008; Tang et al., 2008] . They are an attractive option for use in translational technologies because they can be used in autologous approaches to tissue regeneration and replacement without destroying embryonic tissues or introducing pluripotency genes. Although their utility is hindered by a lack of indefinite self-renewal and limited plasticity [Ribitsch et al., 2010] , multipotent progenitors have been proven to contribute to certain regenerative metrics when used in tissue regeneration models [Miranville et al., 2004; Falanga et al., 2007; Gordon, 2008] . The sets of lineages toward which a particular multipotent progenitor cell can differentiate are sometimes dependent on the tissue from which the multipotent progenitor cells were isolated [Cavallo et al., 2011;  T he selection of cells for use in basic science or translational technologies is often an important decision. Considerations to be contemplated are whether the cells to be used in experimentation are relevant to the physiological equivalent, whether they are plentiful enough for the intended application, and whether they present special concerns like ethical issues. Gaebel et al., 2011; Tallone et al., 2011] . A significant caveat to the use of these cells in a clinical setting is that the success of projects utilizing multipotent progenitor cells is likely to be heavily dependent on the researchers' ability to deplete irrelevant or counterproductive cell types found in initial isolations while retaining cells possessing therapeutic function [Cavallo et al., 2011; Tallone et al., 2011] . Therefore, the efficient and accurate purification of multipotent progenitor cells is crucial to their utility.
Pluripotent Stem Cells
Pluripotent stem cells have presented vast potential for scientific research since it was discovered that the inner mass cells of an embryo can give rise to all three germ layers of developing mammals. The immediate implication of pluripotency is that inner mass, or ES cells, can be propagated indefinitely in culture and used to study mammalian developmental biology or to develop cellbased regeneration strategies at the organ and tissue levels. While the pluripotency of ES cells offers great potential benefits, it also represents an obstacle to the pursuit of these same goals at the present time. Central to this issue is the exceeding difficulty of directing a pluripotent cell population to a single differentiated cell type without accruing unintended lineages or residual partially undifferentiated subpopulations in the process. The resulting heterogeneous mixture of cell types can sow doubt regarding the validity of experiments and the efficacy and safety of implantable tissues [Kolossov et al., 2006] . Furthermore, it has been well documented that the ethical issues associated with the creation of new ES cell lines, specifically the requisite destruction of an embryo, have slowed their utilization in both the clinic and the laboratory. It is likely that such resistance to ES cell usage will continue for some time.
Fortunately, the less divisive iPS technology has been shown to have many of the same properties of ES cells. iPS cells are created by inducing overexpression of one out of several possible sets of pluripotency genes within somatic cells via one of the genetic insertion methods described above [Takahashi and Yamanaka, 2006; Kim et al., 2008; Nakagawa et al., 2008; Zhang et al., 2009] . The promise of iPS cells in therapeutic applications is such that it may eclipse the usefulness of ES cells, especially when one considers the possibility of reduced immune reaction expected from autologous iPS cells compared to allogeneic ES cell-based strategies. For research into the mechanisms of developmental biology, however, the gold standard is still inner mass-derived ES cells as it has yet to be shown that iPS cells truly retain no vestiges of the differentiated cells from which they are made. Indeed, permanent genetic integration of pluripotency genes when creating iPS cells may be problematic for both therapeutic and basic science applications as it has been reported that even background expression of transgenic pluripotency sequences can cause tumor formation [Okita et al., 2007; Sommer et al., 2010] . Excisable pluripotency cassettes are being used with increasing frequency to create iPS cells; however, the small transgenic sequences remaining after excision are potentially crippling to therapeutic applications [Chang et al., 2009] . New procedures that have been developed for transient expression of pluripotency factors hold great promise for iPS cell usage in clinical applications; however they are technically challenging and induce pluripotent phenotypes at a low rate [Volpers and Kochanek, 2004; Okita et al., 2008; Yu et al., 2009; Jia et al., 2010; Warren et al., 2010] .
Immortal Cell Lines
Immortal cells provide researchers with a direct answer to the limited supply of primary cells for experimentation, but they are not functionally relevant to many systems outside of specific applications in cancer research. Most immortalized cells contain a mutation either promoting or inhibiting a gene(s) responsible for the regulation of the cell cycle and proliferation [Rhim, 2000; Gudjonsson et al., 2004] . One of the most common methods for the immortalization of primary cells is the use of the simian vacuolating virus 40 (SV40) viral vector to deliver large T antigen (TAg) or overexpress avian myelocytomatosis virus oncogene cellular homolog (c-Myc) [Ali and DeCaprio, 2001; Gil et al., 2005] . This system is intrinsically valuable in the examination of mutations that influence proliferation, provided the specific means and associated mechanisms of immortalization have been taken into account. Whereas these cells can be very useful when used indirectly in research applications (as they are when used to make viral vectors in vitro), direct usage of immortalized cells in therapeutic applications is problematic as the risks of hyperproliferation and tumor formation are high.
Conclusions
The techniques described above are illustrations of the ingenuity of cell biologists and bioengineers, but they have not solved the problem of cell purification. As science promises and delivers progressively greater milestones, the demand for cures to diseases and FDA-ap-proved therapeutics increases as well. For such achievements to be realized, it is imperative that significant advancements in cell purification methods be made.
As mentioned before, the selection of an appropriate existing cell purification method depends on which cell type will be used, which, in turn, depends on the application for which it will be used. It is, therefore, important to reflect upon the cell source and application when considering the importance of cell purification. It may never be practical to use immortalized cells in therapeutic applications because of their respective drawbacks. Primary cells are the most common cell type used for transplants and grafts, but the supply of human primary cells is too limited for the demands of laboratory research and clinical demand. Multipotent progenitor cells do not have the plasticity for use in major tissue engineering endeavors such as organ fabrication, but they have shown significant regenerative effects in cell therapy applications. Pluripotent stem cells, on the other hand, may not be the most efficient cellular reagent for cell therapy applications; however, they present an opportunity to create entire tissues and organs ex vivo using strategies based on the principles of developmental biology.
Current technologies offer wide ranges of efficiency and mechanisms, but the principals guiding the development of future cell purification methods are relatively constant across all applications. When identifying and separating distinct cell populations, it is important for both basic science research and clinical applications to use techniques that alter cell phenotype as little as possible. This often takes the form of transient, nonintegrating fluorescent markers which are then used in conjunction with FACS to obtain purified populations. It is advantageous to develop high throughput systems capable of processing large quantities of cell mixtures with rare target cell subpopulations. It is also important to maximize efficiency in cell purification methods, meaning that cell loss during sorting should be minimized and the resulting population purity should be high. Although several techniques outlined in this review will undoubtedly continue to play a role in the future of cell purification, it is the innovations to be made that are most interesting.
